In planar dielectric waveguides, there is only one type of propagated ray: the one that crosses the waveguide axis after each total internal reflection. According to the model of geometrical optics, there are two types of guided ray in fibre optics: meridional and skew. Each one is formulated by a suitable mathematical treatment. In this work, we demonstrate that the complex mathematical treatment for the skew rays can be avoided by considering a planar waveguide (with the same refractive index profile as the fibre and thickness equal to its diameter) that rotates around the direction of the axis with angular velocity ω. A section of this fibre is inscribed in the hypothetical slab. This model has been successfully introduced to students of engineering and physics.
Introduction
When we work with planar dielectric waveguides, light is considered to propagate as a bundle of guided rays. The condition of the guided modes, in the electromagnetic model, would be equivalent to the imposition of double total internal reflection in the geometrical model, thus giving rise to bounded rays.
In planar dielectric waveguides, all the bounded rays have to cross the axis of the planar dielectric waveguide (meridional rays), but this is not the case in fibre optics. Many fibres have cylindrical geometry, and we will consider only this special case; the condition of the bounded rays for meridional ones (which pass through the axes of the optical fibre) is shown in figure 1 [1] . These rays intersect the optical fibre axis and are reflected within the same plane without changing their angle of incidence. The meridional rays are bounded if the angle θ z formed with the fibre optic axis is less than the critical angle θ c , given by
where n cl and n co are the refractive indices of the cladding and the core, respectively [2] . An arbitrary ray is identified by two parameters: its plane of incidence, which is the plane containing both the ray and the normal to the surface the ray is about to impact (the plane containing the ray and its reflection), and its angle of incidence with the axis. The plane of incidence intersects the core-cladding interface of the cylinder, forming an angle with the normal, θ φ (see figure 2(a)) [3] . The plane is at a distance from the fibre optic axis, r ic (see figure 2(b) ). Thus, the ray is determined by its angle θ z with the fibre optic axis and by the angle θ φ of its support plane with the normal one at the core-cladding interface [3] , as shown in figure 2(a). For meridional rays, θ φ = 0 ⇒ r ic = 0. When θ φ = 0 ⇒ r ic = 0, a skew ray results [2] .
A skew ray (figure 2(a)) is repeatedly reflected in planes at the same angle θ φ with the core-cladding interface and follows a helical path bounded within an annular region with radii r ic and ρ [3] (distance between the axis and the interface core-cladding). Thus, the light does not use the whole core as a transmission medium [3] , as shown in figure 2(b) . The projection of the trajectory in the XY-plane forms straight lines of equal length and separated by the same angle after each reflection 2θ φ [2] in the case of a step-index profile. The above method is the one typically followed by students of physics and engineering when dealing with rays in optical fibres that are generally treated as two concentric cylinders. Here we propose a new method that reduces the large number of equations arising from the cylindrical geometry and can be introduced in any university course in physics, optical engineering, etc, or simply in the study of optical fibres. The mathematics used is quite simple compared to that required by the conventional explanations [4] .
The innovative aspect of the present paper is the new perspective given to optical fibres, which can be simulated from a planar dielectric waveguide. The focus that we give is not found to date in any book on teaching fibre optics. We have arrived at the same classical results, but using a completely new and much simpler method-a method radically different from the classical one-with which we seek to help the student to become capable of interrelating different disciplines [5] .
Model
We have standardized a new method for symmetric fibres with any radius.
This method reduces and simplifies the equations and the conventional calculation, and also permits students to open their minds to more imaginative procedures. Conventional models explain that it is the light that 'strikes' the walls of the fibre and therefore the movement is helical, whereas our model explains that the light follows a straight line and it is the planar waveguide that rotates.
Fibre optics involves different types of rays (meridional rays, skews rays, etc) and this is invariably explained by stating that it is due to the geometry. The cylindrical geometry of the fibres greatly complicates the study of the propagation of luminous radiation, compared to the simplicity of propagation in planar waveguides, where only one ray appears, the meridional one. The calculation of the movement and of the characteristics of the different rays propagated in optical fibres implies a different, complicated formalism compared with the formalism of the planar waveguide. In fact, in books on fibre optics, there are separate chapters for planar waveguides and fibre optics, as if they were completely independent media. Moreover, they are considered to be so different that the deduction of the properties of optical radiation in each of them (optical fibre and planar waveguide) has independent mathematic formalisms. However, our model, from only one equation, explains the existence of the properties of all the rays without having to separate two formalisms, as done in the classical models. This helps the students to understand the processes that the optical radiation undergoes in confined media, without having to differentiate particular cases.
The basic idea is that a planar dielectric waveguide in movement behaves as an optical fibre if the rotation velocity is appropriate (see figure 3) ; in this way, there is no distinction between the types of rays that are propagated by the fibre. We offer a view that an optical fibre is not a static element through which light is propagated, but rather a system comprising rays and a hypothetical planar waveguide that contains them and that has a different rotation velocity for each. This model gives students a fuller vision of the physical fundamentals of fibre optics at the same time as demonstrating that the different models can lead to the same result.
The model consists of a planar dielectric waveguide that spins with variable angular velocity ω around its optical axis, as shown in figure 3 . Skew rays will propagate through it as shown in figure 2. In this way, there is no distinction between the types of rays that are propagated by the fibre.
Step-index profile
Let there be a fixed light source on a plane that passes through the axis of the slab and let there be one meridional ray propagating inside a symmetric planar dielectric waveguide of square section. If we spin the waveguide at the correct angular velocity, the light can be totally and consistently reflected by the same side of the slab. Starting with this principle, our planar dielectric waveguide model in rotation behaves in the same way optically as any fibre optics of similar characteristics: the slab semi-thickness would be the radius of the fibre, and the refractive index profile (core and cladding refraction indices) is conserved.
The time between two consecutive internal total reflections for meridional rays is
where ρ is the semi-thickness of the guide or radius of the equivalent fibre.
If we apply an arbitrary turn of angle γ to our planar dielectric waveguide, the time between consecutive reflections would be proportional to the rotation period, T, because we want the ray always to bounce off the same face. The proportionality factor between the time and the period is the fraction γ /2π of one full rotation covered between reflections. Thus, we can write
2.1.1. Meridional rays. The time between two reflections must coincide with the semi-period of the rotation. The angle rotated by the guide, γ , is π . Under these conditions, t r = T /2. After replacing it in equation (2), we get
Angular velocity, ω, and period, T, are related through
From equations (4) and (5), we get
That is, in the case of meridional rays, the fibre behaves as a planar waveguide rotating at an angular velocity given in equation (6) .
The behaviour of skew rays is different and in fact the model is especially oriented to them. For ease and better comprehension, we will begin with two dimensions and later expand to three.
Skew rays
2.1.2.1. 2D case. The length of a chord is given by the expression l = 2ρ cos θ φ with θ φ being the angle between the ray and the normal to the reflecting surface at the plane of incidence (see figure 4) , and ρ is the radius of this circumference (semi-thickness of the guide or radius of the fibre).
The angle between two reflections is 2γ = 2(π/2 − θ φ ); therefore, the angular fraction of the circumference is 2γ /2π = (π − 2θ φ )/2π and thus t r = (π − 2θ φ )T /2π . For the two-dimensional case, we have only one angle, θ φ . In this case
where v is the velocity of the ray within the medium. Substituting equation (7) into (5), we get the angular rotation velocity that our waveguide should have, ω = (π − 2θ φ )c/2ρn co cos θ φ . 
3D case.
As we are working in 3D, we have to introduce a third dimension, the angle θ z . The length of the circumference arc is now given by (see figure 4 ) l = 2ρ cos θ φ /sin θ z . Following the same reasoning as in the 2D case, we arrive at the expression for the angular rotation velocity of the slab given by
Multiplying by n co /n co , equation (8) becomes and now we have two parameters that depend on the x coordinate: θ z and n co . We can somewhat simplify this expression,
2 co cos θ φ , where β = n co cos θ z is the invariant of the ray [2] .
In general, we have an expression for the rotation velocity when the refractive index depends on the position, and therefore ω = ω(r), the expression of the spin velocity of a step-index and graded profile planar dielectric waveguides.
Our model definitively turns out to be a planar dielectric waveguide that rotates with an angular velocity depending on the refractive index that the ray meets at each point of its path. This expression completely determines the ray (by β) and the fibre through which it is propagated (by n(r)).
Graded-index profile
The variation of the angular velocity of the fibre is given by its angular acceleration
which tells us how the velocity of the fibre varies according to the zone that the ray crosses. θ z (r) varies and the slope of the ray becomes zero at the turning points [3] , x tp (see figure 5 ) in fibre optics with graded profile. When the refractive index increases (when we go from the core-cladding interface towards the axis of the guide), the angular velocity increases and vice versa.
The turning points in the graded profile fibre optics are the points beyond these positions the rays cannot propagate. In our model, these points and those at the intersection of the path with the axis are the points at which the monoticity of the angular velocity function changes (see equation (10)) or, in other words, they are the points at which the angular acceleration is zero (see equation (10)). In the conventional model used by geometric optics, the calculation of these points is highly complex; in our model, it suffices to resolve the equation α(r) = 0.
Our model can be reduced even further. When the planar dielectric waveguide spins, the reflection always occurs on the same side, so it would be sufficient to consider only one plane.
Turning plane Turning line Figure 6 . Plane for the special case of a meridional ray θ φ = 0 and straight line spinning around the axis of the waveguide. The plane is where the ray is contained. The straight line is parallel to the axis and is at a distance equal to the radius of the fibre.
The plane with a length and a width equal to the optical fibre could be arbitrary and therefore infinitely narrow in width; in fact, at the limit, it could be a straight line parallel to the axis of the guide, i.e. the intersection of the plane of incidence with the fibre. In fact, this straight line is contained in the plane that bears the incident ray, and it is this bearing plane that has the same refractive index profile as the simulated fibre has (see figure 6 ). From equation (10), we obtain the path length for the step-index profile,
and the one for the graded-index profile,
where r ic and r tp are the radii of the inner caustic and turning points, respectively. The optical path length for the step-index profile is
and the one for the graded-index profile is
The ray half-period for the step-index profile (axial distance between two different points after two successive reflections) is
And finally, the number of reflections per unit length of the fibre is given (in the step-index profile) by
where N is the number of turning points per unit length of the fibre.
Conclusions
In view of the above results, we find that it is not necessary to create any specific formalism for the skew rays in step-index optical fibres; these arise naturally on rotating the slab. Depending on the angular velocity, we will have the different skew rays existing in the optical fibre.
The introduction of an angular velocity notably simplifies the theoretical formalism found to date in the literature. The more general case of graded profile optical fibres is still under consideration and we expect to obtain similar equations for these fibres quite soon in order to build a complete model. As we deduced from equation (9), if we work with an optical fibre of the same geometrical characteristics but with a different refractive index profile, the study of light propagation requires the placement of this refractive index profile in many equations. In our model, the slab is the same, and the only variation would be that of the angular rotation velocity. Similarly, to work with a fibre in which we vary only the diameter, the only change would be the angular velocity, ω. This implies a great simplification, for example, in the case of simulation programs.
This new model can be used as an alternative to those studied habitually in textbooks, or as a second point of view. In this way, it can be seen that starting from two different formalisms in physics (optics), we can arrive at the same results.
The models that explain the light propagation in fibre optics are normally complicated by the appearance of various types of rays (meridional, skew, etc). These rays appear due to the cylindrical geometry of the fibres. Our model simplifies established models without demanding consideration of more than one rotation slab, with the ease that this implies. In our model, there is only one type of ray: the bounded ray.
We introduce the viewpoint that an optical fibre is not a static element through which the light propagates but rather a system formed by rays contained within a region of space (in the broader sense, we can particularize a planar dielectric waveguide) and it is this region of space that is subjected to a rotation velocity that differs for each ray. This model gives the students a more complete vision of the physical fundamentals of fibre optics while at the same time showing that different models give the same result.
The method proposed here is simpler and briefer than the conventional one given that, from a single equation, the complete characteristics of the rays that appear in fibre optics can be derived. Also, the model shows the appearance of rays (skew) due to the rotational movement of a planar dielectric waveguide instead of the cylindrical geometry of an optical fibre, although the result, of course, is the same. In this work, instead of using four or five chapters and hundreds of equations, we explain the entire matter in only a few pages with some equations based more on simple geometry.
From the foregoing, we also conclude that (as is already known) the laws of geometrical optics are invariant under rotation, given that the system has rotational symmetry around the axis.
Normally, in classical books on fibre optics, separate explanations are provided for waveguides and optical fibres, as though they were different devices, whereas in this paper we present them as the same.
With this model, students have two procedures to arrive at the same results, the one proposed here being clearly much simpler than the conventional one with respect to the mathematics involved and the intuitive idea [6] . Students exposed to this model have consistently responded positively.
